Kaposi's sarcoma-associated herpesvirus (KSHV) is a gamma-2 herpesvirus with a genome containing a long unique coding region (LUR) flanked by GC-rich terminal repeat sequences. The LUR encodes approximately 90 annotated open reading frames (ORFs) with complex patterns of gene expression during viral latency, reactivation, and de novo infection. To identify unannotated KSHV genes, we examined the region between 21,500 and 30,000 bp of the KSHV LUR, representing approximately 8.5 kb of sequence. This region encodes seven known single-exon ORFs (K4, K4.1, K4.2, K5, K6, K7, and PAN), but previous computer analyses have failed to identify additional likely genes in the remaining 5.2 kb. We identified four novel transcripts using Northern blotting, phage library screening, and 5 rapid amplification of cDNA ends analysis in the region between ORFs K4.2 and K7. In vitro analysis of KSHV-infected primary effusion lymphoma cell lines in the presence of 12-O-tetradecanoylphorbol-13-acetate and phosphonoformic acid suggests that one latent transcript is coterminal with the previously annotated K3 gene encoding an ubiquitin-ligase known to downregulate major histocompatibility complex class I expression. This alternatively spliced transcript may contribute to KSHV adaptive immune evasion during latent infection. Other transcripts are inducible, including a 6.1-kb transcript that is the largest transcript found in the KSHV genome to date.
Kaposi's sarcoma-associated herpesvirus (KSHV [or human herpesvirus 8; HHV-8]) was initially sequenced and annotated in 1996 using cosmid and phage genomic libraries from the KSHV-infected primary effusion lymphoma (PEL) cell line BC-1 (25) . The KSHV genome is ϳ165 kb in length, with a ϳ145-kb long unique coding region (LUR), containing all known viral genes, flanked by a GC-rich terminal repeat sequence. Similar sequencing analyses of KSHV obtained from a KS lesion and a PEL suggest that the virus is highly conserved between isolates (17, 19) , although hot spots of strain-specific variation have been found both at the ends of the LUR (11, 35) and in the glutamine-rich repeat region of ORF73/LANA1 (34) .
Initial annotation using conservative assumptions identified at least 81 potential open reading frames (ORFs) in the LUR (25) . Those ORFs with sequence homology to herpesvirus saimiri (HVS) genes were given corresponding numeric ORF designations. Fifteen ORFs not homologous to HVS genes were numbered in consecutive order with a K prefix. Since the original annotation of KSHV, additional ORFs have been discovered, including K4.1/vMIP-III and K4. 2 (18) ; genes that are spliced, including K8.1, have contributed additional and revised ORFs (5, 22) .
KSHV gene expression varies during lytic and latent virus replication. Sarid et al. (27) defined three classes of mRNAs in the KSHV-infected PEL cell line BC-1 related to expression patterns during latency and lytic replication. Class I KSHV mRNAs are expressed during latency and not upregulated by agents such as 12-O-tetradecanoylphorbol-13-acetate (TPA). Class II mRNAs are detected in untreated cell cultures but are substantially increased after TPA treatment. Finally, class III mRNAs are detected only in TPA-treated cultures and correspond to "traditional" lytic gene classes. Genes induced by either sodium butyrate or TPA have also been classified by Sun et al. (30) as immediate-early, early, or late genes. Immediate-early genes are those genes that do not require de novo expression of viral transactivator proteins during lytic replication and are resistant to cycloheximide treatment. Early gene transcription is sensitive to cycloheximide but resistant to phosphonoacetic acid (PAA), a viral DNA polymerase inhibitor. Late genes are characterized by sensitivity to both cycloheximide and PAA and include many structural and replication genes. Similar analyses using DNA microarrays have allowed simultaneous comparisons of KSHV transcription patterns (6, 15, 20) .
There are two KSHV genomic regions with sparse gene density. Recently, one of these regions between ORF72/v-cyclin and K12/Kaposin was found to encode 10 to 11 microRNAs that may target cellular mRNAs for degradation (3, 21) . The second region, between 23.0 kb and 28.6 kb, spans an area from the end of K4.2 to the beginning of K7. While two ORFs are encoded in this region, large regions of featureless but highly conserved sequence are present. To identify novel transcripts from this region, we screened cDNA libraries from PEL and KS cell lines and performed scanning Northern blot analysis. Three transcripts from this region were identified, including a large unspliced, untranslated message and a latent transcript encoding the E3-ligase MIR1 (modulator of immune recognition 1) responsible for major histocompatibility complex class I (MHC-I) downregulation in PEL cells.
Lambda phage screening.
A cDNA phage library of TPA-treated BC-1 cell line, one from TPA-treated BCP-1 cell line, and a third generated from a KS lesion were constructed as per the manufacturer's protocol in a ZAP ExpressTM vector (Stratagene, La Jolla, CA) (28) . Clones were plaque purified. Positive phages were converted into phagemids by employing an ExAssist helper phage (Stratagene), and inserts were sequenced by automated DNA sequencing (ABI 377; Perkin-Elmer, Foster City, CA) with T7 and M13 reverse primers.
5 RACE. 5Ј rapid amplification of cDNA ends (5Ј RACE) was performed by using a GeneRacer kit (Invitrogen, Carlsbad, CA). RACE cDNA was produced from TPA-treated BC-1 mRNA. GeneRacer 5Ј primer and GeneRacer 5Ј nested primer were used in conjunction with the following transcript-specific unnested (U) and nested (N) primers: K3(U).nt19580, 5Ј-CCAGCAGACAGGAACATCCTC ATCT-3Ј; ORF70(N).nt20154, 5Ј-AGGTGTAAACTCTTCCATGGAAGAA-3Ј; H(N).nt23797, 5Ј-CCAGCGGACTACCCCCAACT GTAT-3Ј; H(U).nt23820, 5Ј-ATACAGTTGGGGGTAGTCCGCTGG-3Ј; and H(N).nt23758, 5Ј-GGAAAT ACCACCTGAGGACCCCGT-3Ј. The last two primers, H(U).nt23820 and H(N).nt23758, were for identification of the 5Ј end of the 6.1-kb transcript.
In vitro translation. The K3 gene was subcloned into pCR-Script SK(ϩ) (Stratagene) by PCR amplification using K03F1 and K03R1 primers, resulting in the plasmid P140 (K03F1.nt18568, 5Ј-GGTAAACACCACCAACCACACAG-3Ј; K03R1.nt19627, 5Ј-TGGGTTCTCTCTCAGGATATGGAAG-3Ј). In vitro transcription and translation were carried out with T7 polymerase for the ORFK3 plasmid (P140) and T3 polymerase for the H phage plasmid (P1520) using a T7/T3 in vitro transcription and translation kit (Promega) along with [
35 S]methionine to radiolabel the in vitro-synthesized proteins according to the manufacturer's protocol. Proteins from each sample were then electrophoresed in a 10% sodium dodecyl sulfate-polyacrylamide gel, dried, and exposed to film. 
RESULTS

Transcript
labeled A through CC (Fig. 1A) . Using a TPA-treated BCP-1 cell line cDNA library, transcripts corresponding to all known annotated genes in this area (K4, K4.1, K4.2, K5, K6, K7, and PAN) were found (dotted lines). A similar analysis using a KS cDNA library amplified only a subset of these genes, including K4, K4.1, K5, K7, and PAN (dotted-dashed lines). PCR products were also amplified from areas between annotated ORFs by using both libraries, suggesting that additional, unannotated transcripts exist in this genomic block. Additional PCR products amplified from the TPA-treated BCP-1 cDNA library (dotted lines) include nt 23300 to 23600 (G), nt 24500 to 25695 (K, L, M, and N), nt 26470 to 27029 (R and S), and nt 27330 to 28527 (U, V, W and X). Similarly, PCR products were amplified from the KS cDNA library (dotted-dashed lines) at nt 24500 to 24806 (K) and nt 25075 to 25388 (M). These PCR products were used as probes in Northern blot analyses. The remaining probes were generated from PCR products using genomic DNA and primer pairs that did not amplify with To confirm the RT-PCR analysis, Northern blotting with each amplifiable product on BC-1 cell mRNA was performed (Fig. 1A) . Appropriate size transcripts were identified from K4, K4.1, K4.2, K5, K6, K7, and PAN, which are induced by TPA treatment. In addition to these known ORFs and transcribed sequences, five novel transcripts were found, covering the previously unannotated intergenic regions. Two transcripts, designated by size in kilobases as T 2.5 and T 3.0 , hybridized with regions G and H (nt 23308 to 23900). These transcripts are noteworthy since they are not induced by TPA treatment (class I or latent transcripts) and show no inhibition by PFA (Fig.  1B) . A third transcript, T 4.5 , also hybridized with regions G and H and shows induction by TPA (class II transcript). The fourth larger transcript, T 6.1 , is inducible by TPA and hybridized with regions extending from H to BB (nt 23600 to 29700). Finally, a small transcript, T 1.5 , overlapping with T 6.1 in the L and M regions (nt 24802 to 25388) was similarly induced by TPA treatment. In contrast to the two class I and one class II transcripts found, T 6.1 and T 1.5 are expressed only after TPA treatment (class III transcripts) with T 6.1 sensitive to PFA treatment, consistent with late lytic transcription (Fig. 1B) , and with T 1.5 resistant to PFA inhibition, consistent with early lytic transcription (Fig. 1C) .
Directionality for these transcripts was examined using riboprobe hybridization (Fig. 2) . Using H region (nt 23600 to 23900) riboprobes, T 2.5 and T 3.0 are transcribed in the minus orientation, but the directionality of T 4.5 and T 6.1 was not determined due to nonspecific hybridization ( Fig. 2A) . To determine transcript direction for T 6.1 , riboprobes from the T region (nt 27030 to 27320) were examined and showed that T 6.1 is transcribed in the plus orientation, the orientation opposite that of the overlapping ORFK6 transcript (0.8 kb) in the minus orientation (Fig. 2B) . The band detected at ϳ2.2 kb is nonspecific and can also be seen when the KSHV-negative B cell line BJAB is used.
Transcript mapping. To accurately determine the size and orientation of these transcripts, a TPA-treated BC-1 lambda phage library was screened with probes from the L (nt 24802 to 25068), M (nt 25075 to 25388), X (nt 28229 to 28527), and H (nt 23600 to 23900) regions. In attempts to identify T 1.5 , 12 clones hybridizing to the L and M probes were isolated and sequenced (Fig. 3) . The clones ranged in length from 360 to 830 bp, all possessing a plus-orientation polyadenylation signal at nt 25440. All the transcripts were intronless and prematurely terminated at their 5Ј end in the frnk direct repeat region. Attempts to reverse transcribe through this region using 5ЈRACE were unsuccessful due to its repetitive feature. Translation analysis of the lambda phage inserts revealed a potential open reading frame (which we tentatively designate ORFK4.4) possibly encoding a 75-amino-acid polypeptide with a start AUG at nt 25198 and a stop codon at nt 25425.
The T 6.1 transcript was similarly examined by lambda phage library screening using the probe from the X region (nt 28229 to 28527). Five clones were isolated and sequenced; these inserts ranged from 1.1 to 3.3 kb in length and all were coterminal with the PAN transcript at nt 29741 (Fig. 4) . A comparison to the 1.1-kb PAN transcript shows that T 6.1 is clearly distinct from the previously annotated and more highly abundant PAN sequence. 5Ј RACE of cDNA generated from BC-1 mRNA using minus strand primers from the H region revealed the T 6.1 start site to be at nt 23596. This is consistent with T 6.1 being a continuous 6,145-nt transcript which is alternatively expressed with PAN. We can only hypothesize that the entire transcript is identical to the KSHV genomic sequence based on size comparison. The longest sequenced phage, X-1, which is 3.3 kb in length (Fig. S1 in the supplemental material, GenBank DQ097683) is identical to the KSHV genomic sequence. An analysis of the 6.145-kb region using the MacVector program (Accelrys, Inc.) found one possible ORF, of over 100 amino acids in length, from nt 27887 to 28192 (Fig. 4) in addition to the already annotated ORFK7 (nt 28622 to 29002) and T 1.5 described here.
For analysis of the transcripts revealed using probe H, we screened over 2 million phages using this probe H (nt 23600 to 23900) and identified eight identical clones that were isolated for plasmid excision and sequencing. cDNA inserts were all 1. formed with cDNA reverse transcribed from poly(A)-selected BC-1 mRNA using a K3 primer for the unnested PCR followed by a nested primer specific for the 70 bp in region H but could not identify the 5Ј end of this transcript. To determine if the H phage clone (H-3), which was shown to contain ORFK3, encodes MIR1, we performed in vitro translation and used a plasmid containing full-length ORFK3 as the positive control. The results showed identical translation products for both ORFK3 and the H phage clone, suggesting that the H phage clone produces MIR1 at low constitutive levels during latency (Fig. 6 ). This was confirmed by Northern blot analysis using the different regions of the H phage clone as separate probes (Fig. 7) . When probes from K3 and ORF70 regions are used, TPA-inducible transcripts that have been previously described (1.3 kb, 1.5 kb, and 2.4 to 2.5 kb) are seen (22) . Use of a probe from the unique 70-bp exon of region H, however, reveals two constitutively expressed transcripts (T 2.5 and T 3.0 ) that are not induced by TPA treatment and one class II transcript, T 4.5 . As seen in Fig. 1, T 3 .0 and T 4.5 extend from the H region (nt 23600 to 23900) into the G region (nt 23300 to 23600). We were unable to further characterize these two transcripts. The T 2.5 transcript is obscured when Northern blotting is performed using K3 probes by more abundant TPAinducible transcripts. Thus, while the K3 gene encoding MIR1 can be classified as a class II gene (constitutive plus TPA induced), its expression is determined by a complex set of alternative transcripts that include a constitutive transcript (class I) containing the H exon, which is expressed during PEL cell latency, as well as more abundant transcripts (class III) induced by TPA treatment, which lack this exon. In the region spanning KSHV nt 24802 to 29719, we identified a large class III early transcript of approximately 6.1 kb (T 6.1 ). This transcript was shown to be present in 17 consecutive probes by Northern blot analysis of TPA-stimulated PEL cell mRNA. RACE identified the 5Ј end of the transcript at nt 23596 and the five excised clones from lambda phage screening identified the 3Ј end of the transcript at nt 29741 of KSHV, making the transcript coterminal with PAN. The longest sequenced phage (3.3 kb in length) is identical to the KSHV genomic sequence. Size limitation of phage clones in our cDNA library prevents us from confirming that the entire transcript also has identity to the genomic sequence. However, contingent upon identity between genomic and the 6.145-kb cDNA sequences, analyses revealed one possible ORF in addition to ORFK7 and T 1.5 described in this paper. ORFK7 is present within T 6.1 yet has no identifiable canonical or noncanonical polyadenylation site, whereas T 1.5 does possess a polyadenylation site. It is conceivable that there is a small splice site in the region of the T 1.5 polyadenylation signal or that read-through occurs which produces T 6.1 . Briata et al. (2) showed read-through of polyadenylation of HLA-DQB transcripts. In addition, read-through has been shown in HSV between ORFs UL29 and UL30 and between ORFs UL30 and UL31 of the genome due to weak polyadenylation signals (23) .
DISCUSSION
The presence of large transcripts is not unique to KSHV, as long primary transcripts have been reported for other herpesvirus genomes. In herpes simplex virus, a minor 8.5-kb LAT transcript (mLAT) accumulates during latency but is less precisely defined than other herpes simplex virus LAT transcripts and has been reported to be an unstable transcript (23) . The 8.5-kb large latency transcript (LLT) of pseudorabies virus is the only transcript made during latent viral infection (7). Smuda et al. (29) found large overlapping early lytic transcripts of 6 kb, 8 kb, 10 kb, and 14 kb within the human cytomegalovirus genome. Wirth et al. (33) identified a 6-kb immediateearly transcript and six late lytic transcripts, ranging from 4.5 kb to Ͼ8 kb, in bovine herpesvirus 1. It is unclear why these viruses produce such large transcripts, although it has been postulated that their size may lead to RNA stability by the formation of pseudoknots. Aside from functional significance for the virus, the presence of a large transcript spanning and overlapping smaller transcripts has implications in gene expression analysis using DNA microarrays.
Three transcripts, T 2.5 , T 3.0 , and T 4.5 , were identified using probe H. Phage screening identified T 2.5 as a ϳ1.3-kb alternative transcript of ORFK3. Through in vitro translation, this transcript was shown to produce banding patterns identical to those of MIR1. Through Northern blot analysis, the alternative K3 transcript was identified, and riboprobes confirmed its directionality on the minus strand. Rimessi et al. (24) identified four transcripts which encode K3, one immediate-early and three early transcripts (Fig. 5B to E) . The 1.5-kb immediateearly transcript (B) and the 1.3-kb early transcript (C) contain the entire ORFK3 coding region but have different splicing patterns that include parts of the ORF70 (thymidylate synthase) sequence. The other two early transcripts (D and E) are intronless, and the 2.5-kb transcript (D) is capable of producing both ORF70 and K3. We confirmed these transcripts with Northern blotting and 5Ј RACE. T 2.5 is a novel class I K3 transcript, however, encoding ORFK3 in its entirety and splicing to the 3Ј end of ORF70 and then splicing a second time to 70 bp within region H.
Studies have identified several KSHV lytic proteins that play a role in immune regulation during lytic replication. MIR1 (encoded by ORFK3) and MIR2 (encoded by ORFK5) downregulate immunoregulatory proteins, including MHC-I and ICAM-1 from the cell surface to limit immune recognition (8, 9, 12, 13, 14, 26) . Tomescu et al. (31) showed that MHC-I, PE-CAM, and ICAM-1 are downregulated during de novo infection with KSHV of both immortalized and primary human endothelial cells. T 2.5 is a likely candidate responsible for expression and MHC-I downregulation during latency.
In this study, we have identified four novel KSHV transcripts-T 2.5 , T 3.0 , T 4.5 , and T 6.1 -and have confirmed the existence of T 1.5 , the 1.4-kb transcript described by Wang et al. (32) . All four of these transcripts were identified with Northern blot analyses using Probe H (nt 23300 to 23600). T 2.5 and T 3.0 were classified as class I, latent transcripts, and T 4.5 was classified as a class II transcript; all of these are transcribed in the minus orientation. The large T 6.1 transcript was confirmed as a class III late lytic transcript with a positive orientation. These results emphasize the complexity of KSHV transcripts and the fact that, despite having performed extensive whole genome analyses, researchers will likely continue to find novel KSHV transcripts with important biologic functions.
